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Abstract 
We present a new single-laser optical trapping technique for the exact manipulation and durable assembly of transparent polymer 
microparticles. This technique comprises the trapping of microparticles and the assembly by using a laser-driven thermal process 
for the joining of the particles. The thermal energy necessary for the systematic joining is applied partly by global heating of the 
processing chamber and by absorption of the electromagnetic radiation of the laser tweezer. The main advantage of this contact 
free joining technology is to use the same laser for the optical trapping, positioning and the durable assembly. The generated 
joints are stable and cannot be broken up with optical forces. In summary, a new micromanufacturing process based on an optical 
machining process is reported with promising applications in the MEMS and photonics area. 
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1. Introduction 
About two decades ago the technique of optical tweezers was invented. Since then, a dynamic development has 
taken place using optical tweezers for different micro manipulation techniques, starting from single-beam optical 
trapping of micrometer glass particles [1, 2] up to acusto-optical methods and holographic optical tweezers (HOT). 
Besides numerous applications in life science and physics [3-8] optical tweezers are used increasingly in 
engineering for the micro manipulation and micro assembling [9-14]. Especially the HOTs, based on computer 
generated holograms CGH [15-17], are used for the trapping, independent manipulation and the temporary 
arrangement of several microparticles in linear or three-dimensional patterns at the same time.  
The micro structures assembled in the papers mentioned above will lose their imposed arrangement as soon as the 
laser beam is switched off, i.e. they are not durable. The particles will pass into arbitrary movement within the 
medium due to Brownian motion or fluid flow.  
In order to produce durable micro structures with stable properties different methods have been investigated. 
Misawa et al. [18, 19] presented a method where laser-induced photopolymerization was used for the bonding of the 
particles. One laser was used for the optical trapping of the microparticles, while another femtosecond laser was 
used for the polymerization of the monomer at the contact area of the aligned microparticles. 
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In a different approach also laser-initiated photopolymerization within a low viscosity aqueous suspension has 
been reported to fuse micron-sized silica spheres together. As the microparticles aligned themselves preferentially 
along the axial path of the trapping laser, the fabricated structures were all linear and could be used as valves in 
microfluidic channels [20]. However, to easily handle the microparticles both techniques require the suspension of 
microparticles in a photosensitive solution, preferably with a low viscosity to move the particles without high forces 
and an acceptable relative refractive index of the particles to the fluid to minimize the losses of the trapping forces. 
The fixation of optically trapped microparticles on a dyed polymer substrate without photopolymerization was 
shown by Won et al. [21]. The trapped particles were positioned on the substrate and fixed by photothermal effects 
on the substrate. The required heating for the joining on the substrate surface was applied by the trapping laser 
through the absorption of the laser in the doped polymer substrate.  
In this work we present an advanced technique for the permanent joining of microparticles to generate linear 
microstructures by using optical tweezers. Due to local absorption of the laser radiation within the particle we used 
conventional optical heating effects of the trapping laser for the melting and joining of the microparticles. The main 
benefit of this method is the use of only one laser for trapping, alignment and heating of the particles. Neither 
photochemical processes and photoresists are required, nor the use of a specific absorbing substrate.  
2. Experimental Setup 
The detailed theoretical considerations of the effects leading to optical forces to trap and levitate particles are 
described in detail in numerous publications. For the holographic optical tweezer we use a similar setup as described 
by Martin-Badosa et al. [22].  
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Fig. 1. Schematic implementation of the experimental setup for the holographic optical tweezers including a Yb:YAG-cw-laser (ELS – 
VersaDisk, Ȝ= 1030 nm), a 10x beam expander, a spatial light modulator (Pluto, Holoeye), a mirror (M), lenses (L1 & L2) and an inverted 
microscope (Zeiss, Axiovert 135 TV) with a CCD-Camera. The inset shows the heated processing chamber (topview) 
 
The setup is shown in Fig. 1. For the optical trapping of the microparticles a Yb:YAG-cw-laser (ELS – 
VersaDisk, Ȝ= 1030 nm) with an adjustable optical power of up to 10 W is used. 
To modulate the wavefront of the light a high resolution reflective spatial light modulator (SLM, Holoeye 
PLUTO, 1920 x 1200 pixels, max. incident power 2 W/cm2) is illuminated by an expanded (10x) laser beam. The 
SLM was designed for near infrared wavelengths. In order to avoid damaging of the SLM the laser intensity must be 
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adjusted carefully. To achieve higher light efficiencies a phase-only SLM is used. The phase of the reflected linearly 
polarized light is modulated from 0 to 2ʌ with 256 intermediate gray levels. 
The modulated light is reflected by the Mirror M to a second telescope consisting of the lenses L1 and L2 (f1=300 
mm and f2=160 mm). The telescope adjusts the size of the computer generated hologram and projects the phase 
modulated wavefront onto the back aperture of the microscope objective. The arrangement of the optical tweezers 
for the trapping of the particles is designed in the focal plane of the microscope objective (Zeiss, Plan-Apochromat, 
100x, NA = 1.4, oil immersion). The trapping and joining process is observed in bright field through an inverse 
microscope (Zeiss, Axiovert 135 TV) with the same objective as for the generation of the optical tweezers. A 
dichroidic mirror transmitts the visible spectrum to a CCD camera (EHDkam Pro2IR), while the trapping 
wavelength is coupled into the objective. 
The inset of Fig. 1 shows the setup of the processing chamber that is made of a channel inside the aluminum 
translation stage sealed with glass slides on the top and the bottom. In order to overcome the glass transition 
temperature and to reach the melting point of PMMA (105°C) the process chamber is heated up by a surrounded 
heating device. Obviously for this purpose water is not a suitable solution to suspend the particles in as it will 
evaporate when heated above 100°C. In our experiment we disperse PMMA particles (particle diameter dpart = 9μm) 
in ethylene glycol with a sufficiently high boiling point of about 197 °C. Other solutions with high boiling points as 
glycerol can also be applied, but in this case other hindering properties have to be considered such as the higher 
viscosity of the solution, which leads to a reduced mobility of the particles in the medium.  
A heating device is implemented around the processing chamber to heat up the ethylene glycol to approx. 105 °C.  
The heating of the fluid inside the processing chamber is controlled by a thermocouple (FeCuNi) sensor close to the 
fluid. The manipulation of the particles is controlled by computer generated holograms using Matlab Software. 
3. Results of the micro joining process 
The procedure for the joining of the microparticles is similar to the fusion welding in the macroscopic range. 
Different objects can be joined together by diffusion of molten layers after heat and pressure have been applied. 
The thermal energy for the melting of the microparticles is provided by the surrounding medium. Therefore the 
thermoplastic microparticles start to form a gel-like coating on the surface as the melting point has been reached and 
the thermal energy flow proceeds towards the center of the particle.  
When the melting point is reached the particles are pressed together by optical forces, so that the molten layers 
can diffuse. For the solidification the particles have to cool down below their melting point. Additional heating 
effects caused by the optical tweezers, initiated by absorption of laser light in the focus of the microscope objectives 
are described in detail elsewhere [23, 24]. 
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Fig. 2. Bright field images showing optical tweezing, operating at Ȝ = 1030 nm, and the micro joining process of 9 ȝm transparent PMMA 
microparticles dispersed in ethylene glycol. The particles are pushed together by reducing the distance of the optical spots Ltrap stepwise  
 
To avoid random assembling of the particles by electrostatic and intermolecular forces like van-der-Waals forces 
the used particle diameter has been chosen rather high at dpart = 9μm. 
The images in Fig. 2 are extracted frames from a video (supplementary material available electronically along 
with this paper) that demonstrate the successful micro assembling process with PMMA particles. As shown in Fig. 
2a) two particles are trapped by two laser spots at a distance of Ltrap = 15 μm. The fluid in the processing chamber 
has been heated in steps of 10 K starting from TM = 25 °C to TM = 105 °C. 
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After each heating step the particles inside the traps are approached in order to investigate the adherence 
potential. The distance between the particles is reduced in steps of 1 – 2 μm until the distance Ltrap reached Ltrap  
dpart where the particles touch each other as shown in Fig. 2b) – 2c). Furthermore, the particles are pressed against 
each other to realize the final assembling. This scenario is kept for a few seconds so the molten layers could diffuse 
into each other.  
The consistency of the joining zone has been proven by separating the optical traps using the same step sizes. As 
the fluid is heated up to 105°C the separation of the aligned particles could not be enforced by the applied optical 
forces as it is observed at lower temperatures, where the trapped particles follow the laser spots as they are 
separated. The solidification of the molten layers is achieved by cooling down the process chamber after the joining 
has been proven to be stable. 
By applying this method it would generally become possible to form 2D and 3D structures in the sub-millimeter 
range. However, additional challenging problems have to be solved, e.g. the asymmetric handling of an agglomerate 
and joining with a single particle. 
4. Conclusion 
We presented a new method for micro joining of polymer particles based on optical tweezers, where a single 
laser is used for the trapping, manipulation and joining. 
Because of losses due to the limitations of the SLM and the transmission losses of the implemented optical 
components we implemented a heated processing chamber to increase the temperature of the microparticles up to 
the melting point. 
We have demonstrated that optical tweezers can be used for the assembling and alignment of the heated 
microparticles. Furthermore, the optical tweezers present a contact free opportunity to apply the necessary forces on 
the molten particles so that the molten layers can diffuse. Nevertheless, the heating of the trapped microparticles 
with the absorption of the trapping laser would be more elegant and would make the heated processing chamber 
obsolete. This would result in a true all-optical manufacturing process. 
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